ABSTRACT Nano-silver is used in consumer products due to its antibacterial properties. The aim of this study was to evaluate the effect of a nano-silver-coated film on the quality of turkey meat during vacuum-sealed and modified atmosphere packaging up to 12 days of storage. In the first part of the experiment, turkey breasts were packaged using either vacuum packaging or modified atmosphere packages (MAPs) and contained films with or without a nano-silver coating (control film). Parameters such as pH, electrical conductivity, color (lightness L * , redness a * ), myoglobin redox forms, thiobarbituric acid-reactive substances (TBARS), biogenic amines (BAs), total viable bacterial counts, Pseudomonas species counts, and Enterobacteriaceae species counts were evaluated on storage days 4, 8, and 12. In the second part of the study, the antimicrobial effect of a nano-silver-coated film on turkey breast was evaluated after inoculation with Escherichia coli (E. coli). Turkey meat packaged with the nano-silver film exhibited lower a * values on days 1 (3.15 ± 0.62), 4 (3.90 ± 0.68), and 8 (4.27 ± 0.76) compared to the packaged meat with the control film (3.41 ± 0.73, 4.35 ± 0.94, 4.85 ± 0.89, respectively), indicating special optical properties of nanoparticles. Concerning the BAs, silver packaged meat showed higher values of tyramine on day 12 (1274 ± 392 ng/g meat) and cadaverine on day 4 (1224 ± 435 ng/g meat) compared to the normal packaged products (647 ± 576 and 508 ± 314 ng/g meat, respectively). MAP meat revealed higher L * and TBARS values and lower microbial counts than the vacuum packaged products on all days. The MAP meat also showed lower a * results on days 4 and 8 and higher metmyoglobin (metMb) values on days 8 and 12 compared to the vacuum products. In the inoculation study, the microbial counts of the turkey meat were comparable between the two film types. The study showed that the nano-silver coating did not exhibit any advantageous effects on the quality and microbiological parameters of the turkey meat.
INTRODUCTION
The Scientific Committee on Emerging and Newly Identified Health Risks of the European Union published an official opinion entitled, "Nano-silver: safety, health and environmental effects and role in antimicrobial resistance", which describes the use of nanosilver-based antimicrobial materials in a wide range of daily life products, including food packaging materials (SCENIHR, 2014) . Nano-silver has become more popular because of its high surface-to-volume ratio and thus enhanced antimicrobial activity (Choi et al., 2008) . Therefore, different nano-silver-containing food contact materials, such as food storage containers, food plastic meat or the concentrations of thiobarbituric acid reactive substances (TBARS), biogenic amines (BAs), and myoglobin-redox forms should also be analyzed to consider other quality characteristics of the meat. In MAPs, O 2 is used to preserve the bright red color of meat and therefore, promote consumer acceptance (Gomez and Lorenzo, 2012) . However, high O 2 concentrations may result in negative effects with lower a * values and higher contents of metmyoglobin, accompanied with "brown" discoloration and an increase in TBARS, an indicator for lipid oxidation (Martinez et al., 2006) . Biogenic amines are organic bases formed during decarboxylation of specific free amino acids. The reactions are catalyzed by meat tissue enzymes and additionally by microbial enzymes (Ntzimani et al., 2008) . As only low BA concentrations were measured in fresh food and higher concentrations of most BAs increase during storage, BA concentrations might also be a good indicator of meat deterioration (Rokka et al., 2004) . Hence, antimicrobial packaging may be a promising tool to extend shelf life, maintain quality and sensory characteristics and improve safety of sliced products (Realini and Marcos, 2014) . Blacha et al. (2013) showed that microbial concentrations of sliced turkey breast increased during 12 days of storage. Therefore, the use of biocidal agents, such as nano-silver, in food contact materials might have a positive effect on the reduction of microbial populations on stored meat (Choi et al., 2008) .
As the use of nano-silver in food contact materials is of growing interest (Chaudry et al., 2008; SCENIHR, 2014) , the aim of this study was to examine the effect of commercially available nano-silver coated films on the quality of turkey breast meat after MAPs or vacuumsealed packaging (part 1) and the antimicrobial effect of nano-silver on turkey breasts inoculated with E. coli (part 2).
MATERIAL AND METHODS

Commercial Nano-Silver Film
The nano-silver-coated film was manufactured by a company specializing in the film production for the pharmaceutical industry (Perlen Converting AG, Perlen, Swiss). Therefore, a transparent film without an anti-fog coating (SUEDPACK GmbH & Co. KG, Ochsenhausen, Germany) was coated with PERLAZID (Perlen), a liquid dispersion of nano-silver particles, which is already routinely used in medical and cosmetic products. The validation of the coating was approved by the producer with an inspection certificate, showing a slightly increased thickness of the coated film (+3.5 μm) compared to the uncoated film. Further film analysis was performed by an external accredited laboratory (Eurofins Consumer Product Testing GmbH, Hamburg, Germany), showing a silver concentration of 4.5 mg Ag/ kg film. The Frauenhofer-Institute for Toxicology and Experimental Medicine in Hannover, Germany analyzed the SUEDPACK film with and without the nano-silver coating. The nano-silver coated film was additionally investigated after meat contact for 12 days. Both analyses were performed by using scanning electron microscopy (Supra 55, Carl Zeiss, Oberkochen, Germany) and energy-dispersive X-ray spectroscopy (Ametek, Wiesbaden, Germany). Welfare of the animals was controlled by the responsible authorities at arrival at the slaughter house and during slaughter.
Part 1: Physico-Chemical and Microbiological Changes During Storage
Meat Storage and Sample Collections. On three different dates, each 12 turkey breast muscles were obtained from a German slaughter house 12 h postslaughter and transported at 3
• C within two hours to the Institute of Food Quality and Food Safety. On day 1, 24 h after slaughter, each breast muscle was cut into 4 cutlets. Before packaging, samples were taken for microbial analyses to determine the initial bacterial status of the cutlets. The remaining piece of cutlet was weighed and pH, electrical conductivity (EC) and color values were determined. For chemical analyses of TBARS and BA concentrations, up to 40 g of the samples were homogenized with a Grindomix homogenizer (Typ GM200, Retsch, Haan, Germany) and frozen at −20
• C. For myoglobin (Mb) redox form analyses, approximately 6 g of several circular meat pieces (1.5 cm) were removed from the samples, immediately frozen in liquid nitrogen and stored at −80
• C. Subsequently, the four cutlets per breast muscle were randomly subdivided into the four different packaging methods: 1. a MAP with 80% O 2 , 20% CO 2 , and a polyethylene (PE)-ethylene vinyl alcohol (EVOH)-polypropylene (PP) transparent film (SUEDPACK GmbH & Co. KG, Ochsenhausen, Germany) (MAP1), 2. vacuum-sealed with a PE-EVOH-PP-film (V1), 3. MAP with 80% O 2 , 20% CO 2 , and a PE-EVOH-PP-film coated with nanosilver (Perlen Converting AG, Perlen, Swiss) (MAP2), and 4. vacuum-sealed with a nano-silver coated PE-EVOH-PP-film (V2). All cutlets were aseptically individually wrapped in the nano-silver coated or uncoated films. Each PP tray contained 2 wrapped meat pieces (ES Plastic GmbH & Co. KG, Passau, Germany). These trays were transferred to the PE/polyamide (PA) bags (Dagema eG, Willich, Germany • C and 75% RH for CO 2 . After air evacuation, the bags were either directly sealed (vacuum) or filled with a gas mixture (80% O 2 , 20% CO 2 ) before sealing (MAP) (VC 999, Inauen Maschinen AG, Herisau, Switzerland). The packages were stored for 12 days at 3
• C. On days 4, 8, and 12, color was measured through the film before two packages were taken from each packaging method for further analysis. Immediately after opening the package, odor and appearance of the cutlets were evaluated by a trained panel of three persons without touching the meat. Odor and appearance could be graded with points from 1 (unsatisfactory, not acceptable) to 5 (very good, no aberration in quality). After the sensory analysis, a sample (10 g) for microbial analysis was aseptically removed from the meat and the residual cutlet was weighed. For the estimation of liquid loss, the weight of the residual cutlet and the microbial sample were combined, subtracted from weight of the cutlet on day 1, divided by the latter weight and subsequently multiplied by 100. The pH and EC values were determined and samples for chemical analyses (TBARS, BAs, Mb) were removed as previously described.
Analysis of Gas Composition within the Packages. The CO 2 and O 2 concentrations of the MAP1 and MAP2, opened on storage day 12, were measured on days 1, 6, and 12 by using a CheckMate 9900 O 2 /CO 2 meter (PBI-Dansensor A/S, Ringsted, Denmark). For analysis, a cannula, connected to the CheckMate apparatus, was inserted through a septum (PBI Dansensor), which was previously stuck on the PE/PA bag. Immediately after determination of the gas concentrations, another septum was stuck on the first septum. The septa were gas tight and used to prevent gas leakage through the injection site during removal of the cannula and during further storage.
Meat Quality Parameters. The pH values were measured with a portable pH meter (Knick Portamess, Knick GmbH, Berlin, Germany) equipped with a glass electrode (InLab 427, Mettler-Toledo, Urdorf, Switzerland). The pH meter was calibrated with 2 pH standard solutions (pH 7.0, pH 4.0; Sigma-Aldrich Chemicals GmbH, Taufkirchen, Germany) prior to pH determination and adjusted to the mean temperature of the meat samples (7 • C). For pH determination, the electrode was inserted in the center of the muscle and the measurement was taken after waiting at least 30 s until the pH values were nearly stable. The accuracy of the instrument was regularly controlled using the pH standard solutions. Each value was calculated by using an average of 2 determinations.
The EC was measured by using an EC meter from Matthäus GmbH & Co. KG, Nobitz, Germany. The EC meter was calibrated with a specific calibration block (10 mS/cm). For EC determination, the electrode was inserted in the center of the muscle. Each value was calculated by using an average of 2 determinations.
The percentage of liquid loss was calculated by subtracting the weight of the well-dried, stored cutlet and the weight of the removed piece of cutlet for microbial analyses (10 g) from the initial cutlet weight that was determined on day 1.
The L * and a * values were determined using a colorimeter (Minolta CR-400, Konica-Minolta GmbH, Langenhagen, Germany) through the PE/PA bag and transparent film. During the measurement, the trays with the meat were turned over to assure direct contact of the meat to the film and were returned to the previous position for further storage. The colorimeter was calibrated with a standard white plate (KonicaMinolta GmbH) with measured L * , a * , and yellowness (b * ) values of 97.38, 0.02, and 1.55, respectively, before every experiment. Each L * and a * value was an average of 6 measurements. The aperture size of the apparatus was 8 mm and the illuminant, D65.
Chemical Parameters. Proportions of the Mb redox forms deoxymyoglobin (deoMb), oxymyoglobin (oxyMb), and metmyoglobin (metMb) were analyzed (Tang et al., 2004) by homogenization (2 min, 15,000 U/min) of 5 g of the frozen meat pieces on ice in 10 mL NaHPO 4 (50 mM, pH 7.2) using a Polytron PT 2500 homogenizer (Kinematica). After centrifugation (30 min, 35000 × g, 4
• C) in a Sorvall RC 5 C Plus centrifuge (Thermo Scientific Langenselbold, Germany), the supernatant was transferred to 2.5 mL cuvettes. Then, the samples were measured in the Evolution 201-UV-VIS-Spectrophotometer (Thermo) at different wavelengths (525 nm, 503 nm, 557 nm, 582 nm). The percentages of Mb redox forms were calculated from the extinction results using equations described by Tang (Tang et al., 2004) .
The content of TBARS was analyzed as described by Blacha et al. (2013) . Prior to sample analysis, a standard curve with malondialdehyde (MDA) (Merck KgaA, Darmstadt, Germany) in the range of 0 to 0.25 μg/mL was prepared. Every analysis was performed in triplicate. The results were expressed in μg MDA per gram of meat.
Biogenic amine concentrations were extracted and derivatized according to Vinci and Antonelli (2002) and the BAs tyramine, tryptamine, putrescine, cadaverine, histamine, spermidine (order of detection) were quantified chromatographically (Oezogul, 2004) . In brief, the BAs were extracted from the meat using perchloric acid (0.4 M), supplemented with an internal standard of 1.7-diamonheptane (10 μg/mL). After centrifugation and filtration of the extract, derivatization was performed with dansyl chloride (7.7 mg/mL acetonitrile). The BA concentrations were analyzed using a LaChrome HPLC system (VWR-Hitachi, VWR International GmbH, Darmstadt, Germany) and the diode array detector L 2455 (VWR-Hitachi) at 254 nm. For elution, acetonitrile and HPLC grade water were used. Analyses were performed in triplicate and the results are expressed in ng biogenic amine/g meat.
Microbiological Parameters. On day 1, 5 g per cutlet from each package was aseptically removed and pooled to 10 g prior to further analysis. On days 4, 8, and 12, 10 g was aseptically removed from each cutlet. The (pooled) samples were diluted in 100 mL sterile saline with peptone (0.85% NaCl, 0.1% peptone) and homogenized for 2.5 min (Seward Stomacher 400 circulator, Seward Ltd., West Sussex, UK). Using the expected bacterial growth results, dilutions from 1:10 1 to 1:10 4 were prepared (bacterial solution to sterile saline with peptone). The dilutions were spread in on the following media in duplicate: plate count nutrient agar (Merck KGaA, Darmstadt, Germany) for analyses of total viable count (TVC), Pseudomonas agar base CM559 with selective cetrimide-fucidin-cephalosporin supplement (SR0151, Oxoid Deutschland GmbH, Wesel, Germany) for quantitative analysis of Pseudomonas species and Violet Red Bile agar CM1082 (Oxoid Deutschland GmbH, Wesel, Germany) for analysis of Enterobacteriaceae.
Incubation conditions were 72 h at 30
• C for nutrient plate count plates, 48 h at 30
• C for the Pseudomonas agar base and 48 h at 37
• C for the Violet Red Bile agar plates.
Part 2: Microbiological Changes after Inoculation and Storage
Meat Storage and Sample Collection. On three different days 11 turkey cutlets were randomly purchased from a retail market and transported to our laboratory. Each cutlet was cut in half and the 2 pieces were placed into the same polypropylene tray (ES Plastic GmbH & Co. KG, Passau, Germany), resulting in 11 trays containing a total of 22 cutlet samples. A 3 × 3 cm square with a depth of 2 to 4 mm was sliced into the surface of each cutlet piece with a disposable scalpel to define the area for inoculation.
The inoculum was prepared using an extended spectrum β-lactamases-(ESBL-) producing E. coli isolate, which was part of the strain collection from the Institute of Food Quality and Food Safety. The isolate was previously collected from a broiler carcass at a German slaughter house and stored at −80
• C. It was streaked on Luria Bertani (LB) agar plates (Carl Roth, Karlsruhe, Germany) and incubated overnight at 37
• C. Then, 4 or 5 colonies were transferred into a tube containing 5 mL of sterile saline solution (0.9%). The inoculum density was adjusted to the turbidity equivalent of 0.5 McFarland, resulting in a suspension of approximately 1 to 2 × 10 8 CFU/mL, in accordance with the Clinical and Laboratory Standards Institute (CLSI) document "Performance Standards for Antimicrobial Disk and Dilution Susceptibility Tests for Bacteria Isolated from Animals" (CLSI, 2008) . A volume of 100 μL of this suspension was uniformly pipetted onto the defined area. After 10 min of drying, 2 trays with 4 cutlet halves were randomly chosen and used for the analysis of initial bacterial concentration as described below. The other 9 trays with 18 cutlet halves were packaged as follows: The first half of a tray with one cutlet half was covered with the PE-EVOH-PP film (SUEDPACK), while the second half of the tray with the second cutlet half was covered with the PE-EVOH-PP film coated with nano-silver (Perlen). Subsequently, each tray was put into a plastic bag (ALLVAC, ALLPAX GmbH & Co. KG, Papenburg, Germany) and vacuum-sealed (ALL-PAX). • C for 10 days, as cutlet halves began to show deterioration on this day.
On days 4, 8, and 10, three packages per day were randomly chosen for investigation and therefore, excluded from further storage. Using a dry swab, samples of each cutlet half were uniformly taken from the previously defined area and vortexed in 2 mL sterile saline (0.9%). Then, a serial tenfold dilution with 8 dilution steps was performed and 100 μL of each dilution step was streaked onto LB agar plates (Carl Roth, Karlsruhe, Germany), which were supplemented with cefotaxime in a concentration of 1 mg/L (to screen for ESBL-producing E. coli. plates) were incubated for 24 hours at 37
• C.
Chemicals
All chemicals were purchased from Applichem GmbH, Darmstadt, Germany, unless otherwise indicated.
Statistical Analyses
The data were analyzed with the software Statistica 10.0 (StatSoft, Hamburg, Germany). The statistical model included the factors "packaging variant" (P) and "silver coating" (S) and the interaction of both factors (P * S) for study 1 and only the factor S for study 2. The Shapiro-Wilk test was used to ensure that the data were normally distributed. The significances of normally distributed data were analyzed using an ANOVA and followed by Tukey's post hoc test if the F-value was lower 0.05. Non-normally distributed data (TBARS, BAs) were analyzed with the Mann-Whitney U test. A probability error of 0.05 was taken into account.
RESULTS AND DISCUSSION
Commercial Nano-Silver Film
Scanning electron microscopy revealed evenly distributed nano-silver particles on the coated film in comparison to the uncoated (control) film. The presence of silver was confirmed by energy-dispersive X-ray spectroscopy analysis. However, other substances, such as copper (Cu), phosphorus (P), and calcium (Ca), also have been detected. These substances were probably components of the solution used for nano-silver coating of the film (Figure 1) . Figure 2 shows electron microscopic pictures of the nano-silver-coated films before and after meat contact. Meat contact resulted in a reduction of nano-silver particles on the film, likely due to interaction of the film and the exudate of the wrapped meat.
Part 1: Physico-Chemical and Microbiological Changes During Storage
Quality of Unpacked Meat. The different meat quality parameters of the turkey breast muscles determined at 24 hours after slaughter (post mortem, V 1: vacuum and non-Nano-Ag-layer, MAP 1: 80% O 2 , 20% CO 2 and non-Nano-Ag-layer, V 2: vacuum and Nano-Ag-layer, MAP 2: 80% O 2 , 20% CO 2 and Nano-Ag-layer.
Effects of packaging variant (P), silver coating (S), and their interaction (P × S) were significant ( * , P ≤ 0.05) or not significant (NS, P > 0.05).
Numbers of cutlets per packaging method: days 1 and 4, n = 48; day 8, n = 32; day 12, n = 16 cutlets per packaging method.
this assumption only partly agrees with the presented a * values, as these results were higher than the data presented by Werner et al. (2008) and Blacha et al. (2013) . Considering that the a * and L * values are negatively correlated (r = 0.482, Fraqueza et al., 2006) , lower a * values would be expected.
Packaging Experiments. The O 2 and CO 2 concentrations remained constant throughout the storage time and were comparable between nano-silver coated (O 2: 80.58% ± 0.32 and CO 2: 19.44% ± 0.33) and uncoated (O 2: 81.39% ± 0.78 and CO 2: 19.37% ± 0.18) MAPs. The observed effect of storage time on gas concentrations is supported by Blacha et al. (2013) , who also detected comparable gas concentrations in highoxygen-packages during 12 storage days. However, in the present study, the O 2 and CO 2 permeabilities of the bags were 30-fold higher compared to those observed by Blacha et al. (2013) .
The pH and EC values were comparable among the different packaging methods, except significantly higher pH values measured on day 12 (P ≤ 0.05) in the nanosilver-coated meat compared to the uncoated packaged turkey meat (data not shown). As this effect was only detected on day 12, it should not be overestimated. Our results agree with Gomez and Lorenzo (2012) who also detected no differences between vacuum-sealed and high oxygen stored foal meat and Blacha et al. (2014) , who observed no difference between vacuum-sealed and high oxygen stored turkey meat.
The vacuum-sealed meat showed significantly (P ≤ 0.05) a higher percentage of liquid loss than MAP meat (Data not shown). These findings agree with results of Rajkumar et al. (2007) and Blacha et al. (2014) likely due to higher physical compression during the vacuumpackaging (Payne et al., 1998) .
Means of L * and a * values are shown in Table 2 . Regarding the influence of the nano-silver coating, the packaging methods without nano-silver coating showed significantly (P ≤ 0.05) higher L * values than the packaging methods with nano-silver coating on day 1. However, this effect was not observed on days 4, 8, and 12 of storage; the significant result may be due to L * differences of the turkey meat prior to packaging with the different packaging methods. MAP-stored meat showed significantly (P ≤ 0.05) higher L * values than vacuumstored meat on all sample days. These data agree with studies by Gomez and Lorenzo (2012) , Orkusz et al. (2013) and Blacha et al. (2014) . Concerning the a * values, a significant (P ≤ 0.05) effect of the nano-silver coating was detected on days 1, 4, and 8, with lower a * values in nano-silver coated cutlets compared to those in uncoated meats. With regard to the gas composition on day 4 and 8, vacuum packaged meat had significantly (P ≤ 0.05) higher a * values than meat in the MAP. The latter difference was also observed by Gomez and Lorenzo (2012) during storage of foal meat and Orkusz et al. (2013) in goose meat. Orkusz et al. (2013) also observed that high concentrations of O 2 correlated with higher L * and lower a * values, which was also shown in the present study, result in oxidation of myoglobin, leading to increasing metMb percentages. Therefore, we also analyzed the Mb redox forms (Table 3 ) and confirmed the results of Orkusz et al. (2013) , showing significantly (P ≤ 0.05) higher oxyMb and lower (P ≤ 0.05) metMb percentages in vacuum-packaged turkey meat compared to the cutlets stored in MAP on days 8 and 12. The deoxyMb percentages were higher (P ≤ 0.05) in MAP on day 12. However, in our study, no effects of film type on the Mb redox form percentages was found; therefore, the concurrent a * value differences (Table 2) may be caused by the unique optical properties of nanoparticles. Due to their ability to absorb and scatter a specific wavelength of light, nanosilver particles influence the generation of color and therefore differentiate from other pigments and dyes (NanoComposix, 2015) .
The TBARS concentrations were also determined (Table 3) because lipid oxidation provides information about sensory shelf life (Cortez-Vega et al., 2012) . Similar to results of Bingol and Ergun (2011) using ostrich meat and Blacha et al. (2014) using turkey meat, in the present study, MAP stored turkey meat also showed significantly (P ≤ 0.05) higher TBARS values than vacuum-sealed meat on all storage days. Higher oxygen concentrations lead to intensified lipid oxidation, resulting in higher values of the degradation product malondialdehyde that reacts with thiobarbituric acid during TBARS analysis. It is interesting that on day 4, vacuum-sealed meat with a nano-silver-film showed higher (P ≤ 0.05) TBARS values than the vacuumsealed, nano-silver-free meat. This effect was opposite on day 8. The data suggest an effect by the nanosilver coating on thiobarbituric acid concentrations, although the results are contradictory and the effect was no longer observed by day 12.
Levels of BAs can be considered as a freshness marker of meat (Jairath et al., 2015) . The results obtained in this study are presented in Table 4 . Cadaverine and Table 3 . Least square means (LSM) and SEM of the percentages of the different myoglobin redox forms and thiobarbituric acid reactive substance (TBARS) concentrations of the turkey meat depending on the packaging variant. 
NS NS
TBARS: Data in μg malondialedhyde/g meat. V 1: vacuum and non-Nano-Ag-layer, MAP 1: 80% O 2 , 20% CO 2 , and non-Nano-Ag-layer, V 2: vacuum and Nano-Ag-layer, MAP 2: 80% O 2 , 20% CO 2 , and Nano-Ag-layer.
Effects of packaging variant (P), silver coating (S), and their interaction (P × S) were significant ( * , P ≤ 0.05) or not significant (NS, P > 0.05). n = 12 cutlets per packaging method. A-C numbers with different superscript letters differ significantly (P ≤ 0.05). 
NS NS NS
All Data in ng/g meat. V 1: vacuum and non-Nano-Ag-layer, MAP 1: 80% O 2 , 20% CO 2 , and non-Nano-Ag-layer, V 2: vacuum and Nano-Ag-layer, MAP 2: 80% O 2 , 20% CO 2 , and Nano-Ag-layer.
Effects of packaging variant (P), silver coating (S), and their interaction (P × S) were significant ( * , P ≤ 0.05) or not significant (NS, P > 0.05). n = 12 cutlets per packaging method. A-C numbers with different superscript letters differ significantly (P ≤ 0.05).
spermidine were the main BAs formed, but the results are inconsistent due to the high variation in the data. Nano-silver packaged meat showed higher (P ≤ 0.05) cadaverine levels on day 4 and higher tyramine concentrations on day 12 (P ≤ 0.05) than meat in the uncoated packaging method. On day 12, vacuum packaging methods showed significantly higher cadaverine values than MAP-stored turkey meat. Some significant effects were observed in the combination of packaging variant and silver coating. It is interesting that meat packages with a nano-silver film that were vacuumsealed showed higher BA concentrations compared to the vacuum-sealed meat without nano-silver film on different days; significant differences (P ≤ 0.05) were measured in putrescine and cadaverine on day 4 and in tyramine, histamine and spermidine on day 8. In the MAP group, higher (P ≤ 0.05) concentrations of histamine and spermidine were measured on day 4 in the nano-silver treated meat compared to the meat without nano-silver. However, the concentrations of putrescine (day 4) and tyramine (day 8) were higher (P ≤ 0.05) in meat packaged without the silver coating. As the formation of BAs is dependent on the presence of amino acids, such as lysine, histidine, or arginine and the action of microbial and tissue enzymes (Jairath et al., 2015) , the data indicate that the nano-silver coating influences All Data in log 10 cfu/g meat. V 1: vacuum and non-Nano-Ag-layer, MAP 1: 80% O 2 , 20% CO 2 and non-Nano-Ag-layer, V 2: vacuum and Nano-Ag-layer, MAP 2: 80% O 2 , 20% CO 2 and Nano-Ag-layer.
Effects of packaging variant (P), silver coating (S), and their interaction (P × S) were significant ( * , P ≤ 0.05) or not significant (NS, P > 0.05). n = 12 cutlets per packaging method.
this BA formation, especially during vacuum packaging. This could be due to differences ofxbrk concentration and composition of microorganisms and therefore, we also analyzed microbiological parameters (e.g., TVC) that have an impact on the production of BAs (Jairath et al., 2015; Lazaro et al., 2015) . Total viable counts, Enterobacteriaceae spp. counts and Pseudomonas spp. counts prior to packaging on day 1 were log 10 3.1 ± 0.5 CFU/g, log 10 1.8 ± 0.7 CFU/g, and log 10 2.3 ± 0.9 CFU/g, respectively. After packaging, the microbial colony counts of vacuumsealed meat were generally higher (P ≤ 0.05) than the counts of meat products stored in MAPs on all sample days (Table 5 ). However, a significant effect by the nano-silver coated film on microbial growth was not detected. Blacha et al. (2014) also found significantly (P ≤ 0.05) lower CFU/g for TVC in high oxygen MAP compared to vacuum-sealed turkey meat, but found no differences (P > 0.05) for counts of Pseudomonas spp. Rajkumar et al. (2007) also observed lower TVC values in MAP-stored meat compared to TVC values in vacuum-sealed turkey breast meat during advanced storage (day 14 and 21), but did not describe differences for growth of pseudomonads. The difference in oxygen levels in the present study could be explained by the oxygen lethality to living cells as a result of inactivation of cell proteins and forming intracellular H 2 O 2; this could also be related to the higher TBARS values in the high-oxygen-stored turkey products (Dhananjayan et al., 2006) . Pseudomonads are usually responsible for meat spoilage under aerobic conditions (Dhananjayan et al., 2006) . Nevertheless, they are also able to grow under anaerobic conditions, as evaluated by Saucier et al. (2000) , and are found to be sensitive to high O 2 -levels, resulting in growth reduction and development of these bacteria (Mastromatteo et al., 2009) , which corresponds to our findings. Despite the clear effect of the packaging method on the bacteria counts, only the cadaverine concentrations on day 12 were higher (P ≤ 0.05) in the vacuum-sealed products. This result agrees with Lazaro et al. (2015) , who found a positive correlation between cadaverine, TVC and Enterobacteriaceae counts in free-range broilers and quails. However, the authors also observed that other BAs, such as tyramine or spermidine, are negatively correlated with these microbiological parameters. These findings might explain the results of other BAs, which were comparable between the vacuum-sealed and MAP meat. The results of Lazaro et al. (2015) indicate that BAs are inappropriate substances to use to interpret microbiological and chemical spoilage in the same context. Different studies presented positive, negative or no significant correlations between microbiological spoilage and BA results. In the present study, significant differences of the BA concentrations between turkey cutlets with and without nano-silver were measured, but comparable microbiological results were observed. As the observed microbial counts are in contrast to a study by Klasen (1999) , which presented antibacterial effects of silver ions, it could be suggested that the interaction between the meat drip and the nano-particles inhibits the antibacterial properties of the nano-silver as a result of dilution. The dilution of nano-silver-particles was also emphasized by results from electron microscopic analysis (Figure 2 ). Another reason may be the low concentration of nano-silver particles in the film combined with the short storage period. Ongoing projects and yet unpublished results from our laboratory show an antibacterial effect of the film during storage of cheese up to day 56.
Part 2: Microbiological Changes After Inoculation and Storage
In the first part of the study, no differences in antimicrobial activity were observed between the two packaging films. In the second part, we inoculated turkey breast cutlets with E. coli and again wrapped this meat with either pieces of the nano-silver coated or uncoated films prior to vacuum packaging.
Microbial counts on sample days 4, 8, and 10 were similar in vacuum-stored turkey cutlets covered with the control film (log 10 6.25, 5.74, 5.56 CFU/g, respectively) and with a nano-silver-coated film (log 10 6.37, 5.67, 5.64 CFU/g, respectively) (data not shown). These results support our previous findings concerning a lack of a significant inhibitory effect of the nano-silvercoated film on microbial counts of the packaged turkey meat. Again, different variables should be taken into account, such as the concentration of nano-silver particles on the film and the insufficient interaction between silver ions, meat (drip) and microflora, and the short storage period.
In conclusion, the commercial nano-silver-coated film did not appear to have an advantageous effect on meat spoilage. Rather than the type of film, the type of surrounding atmosphere exhibited a stronger effect on the deterioration parameters. In addition, no significant reduction of microbial counts in inoculated turkey breast cutlets packaged with nano-silver films were observed.
With regard to the widespread use of nano-silver particles in the different fields of daily life, further studies regarding their antibacterial use in the food packaging industry and their construction purposes need to be performed to fulfill the special given conditions of packaged raw meat.
